Ammonium nitrogen recovery using natural zeolite from the permeates of anaerobic membrane bioreactors was investigated with batch and continuous experiments. Regeneration of exhausted zeolite was compared between mechanical shaking and air stripping, and experimental results showed the superiority of air stripping over the shaking. Liquid circulation and air flow rates were optimized in a continuous zeolite-packed column with a separate recovery system consisting of a regeneration chamber and a stripping column. The liquid circulation rate had significant effect neither on the regeneration efficiency (RE) nor the ammonia transfer efficiency (ATE), while the ATE significantly increased with increasing air flow rate. The effect of pH on ammonia recovery was also tested and the results showed that both RE and ATE significantly improved at alkaline pH. When pH increased from 9.5 to 12, the RE increased from 9.2% to 84% and the ATE increased from 54% to 92%.
INTRODUCTION
Anaerobic sewage treatment has gained significant attention due to energy recovery and inexpensive operating and maintenance (O&M) costs (McCarty et al. ) . The quality of permeates from anaerobic membrane bioreactors (AnMBRs) is good enough to meet wastewater effluent standards for biochemical oxygen demand and suspended solids (Saddoud et al. ) . However, nitrogen control seems like a significant bottleneck to anaerobic sewage treatment including AnMBRs (Kim & Pagilla ) . Biological nitrification and denitrification can remove ammonium nitrogen, the majority of nitrogen species in sewage and AnMBR permeates, but energy benefits in anaerobic sewage treatment can become negligible because of energy-intensive aeration in nitrification and expensive exogenous electron donor in denitrification (Breisha ) . The energy balance in anaerobic sewage treatment combined with post-nitrification and denitrification would be negative. Ammonium nitrogen actually contains high energy (382 kJ/mol), and thus its conversion to nitrogen gas through costly nitrification and denitrification is inefficient (Dincer & Zamfirescu ) . Instead, the recovery of ammonium nitrogen and its reutilization as fertilizers or raw materials in agricultural/manufacturing industries will be a more efficient, sustainable way to used during air stripping (Wang ) . Chemical precipitation (e.g. struvite) does not work for domestic sewage, since the phosphorus concentration in the wastewater is too low (Wang et al. ) . Ion exchange can recover ammonium nitrogen from the permeates. However, this method is also not very competitive economically due to the large amounts of salts (e.g. NaCl) required for regeneration of exhausted zeolite. Deng et al. () showed that the high concentration of salts required for regenerating exhausted zeolite is the main cost-driving factor. They proposed that an alkaline regeneration method at pH 12 could save NaCl costs by a factor of 10 over conventional chemical regeneration. Instead of using concentrated NaCl solution (∼60 g/L) as regenerant, an alkaline regeneration method using NaCl 10 g/L at pH 12 (adjusted with 0.1 M NaOH solution) achieved a regeneration efficiency (RE) of 85%. By using the alkaline regeneration, zeoliteutilized ammonia recovery can be cost-effective and applicable to anaerobic sewage treatment as a post-nitrogen control system. To realize ammonium nitrogen recovery from wastewater, we should capture ammonium nitrogen readily transportable to local industries as fertilizers or raw materials, because transportation is one of the important cost parameters, especially for North America.
Chemical precipitates or highly concentrated ammonium salts (e.g. NH 4 Cl or (NH 4 ) 2 SO 4 ) could mitigate transportation costs and facilitate the reuse of the recovered ammonium nitrogen. However, there are few studies on nitrogen recovery as highly concentrated forms of ammonium salts directly obtained from wastewater. In this study, we developed a new regeneration method combining air stripping with alkaline regeneration to improve RE, save chemical costs, and recover high ammonium salts from wastewater simultaneously.
In this study, the effect of air stripping on ammonia recovery and RE using natural zeolite followed by alkaline regeneration was investigated in both batch and continuous systems. In batch tests, the operating parameters, such as initial ammonium concentration, temperature, working volume, pH, and mixing intensity were evaluated.
Furthermore, the impact of the pH, air flow rate, and liquid circulation rate on regeneration and ammonia transfer efficiency (ATE) were investigated in continuous column tests.
MATERIALS AND METHODS

Batch study
Two sets of batch experiments were conducted: the first set was conducted to evaluate the effect of various parameters on the ATE from liquid to gaseous phase (ATE) with NH 4 Cl solution in the absence of zeolite. Ammonia concentrations (50 mg N/L and 500 mg N/L), reactor sizes (250 mL and 500 mL), and the presence of an acid scrubber were tested. The operating conditions of the first set of batches are shown in Table 1 . The pH was fixed at 12, and then the air stripping (at a rate of 32 L/hr) was applied on the bottom of bottles. For the acid scrubber tests, a bottle was sealed with a rubber stopper and connected to a 100 mL bottle filled with 1 N H 2 SO 4 solution. Both the fractions of dissolved ammonia left in the regenerant and the gaseous ammonia absorbed in the acid were measured.
The second set of batch experiments was conducted to compare RE and ATE of exhausted zeolite between mechanical shaking and air stripping methods at different pH.
Exhausted zeolite was prepared by adding 100 mL NH 4 Cl solution into 1 g natural zeolite (Zeobrite Lm; Zeotech Corporation) to reach 30 mg N/L at pH 7, and ion exchange reactions were conducted using a shaker (Orbital Shaker, VWR Inc., Canada) at a mixing intensity of 200 rpm and a temperature of 25 W C for 4 hours. Then, 100 mL of NaCl stock solution was added to each bottle having 1 g exhausted zeolite (10 g/L of NaCl) to liberate ammonium ions from the exhausted zeolite to the bulk liquid. After adjusting the pH to a desired value (from 9.5 to 12) with 10 mM phosphate buffer (KH 2 PO 4 /Na 2 HPO 4 .12H 2 O/ Na 3 PO 4 ) and 0.5 N NaOH, we shook the zeolite with a shaker at 200 rpm and a temperature of 25 W C. Under the same pH conditions, air was provided using an aquarium solution. The dissolved ammonia that was left in the regenerant and the gaseous ammonia absorbed in the acid were measured after 1 day. All batch experiments were conducted in duplicate and the data reported in this paper are the average value along with standard deviation.
The Zeobrite Lm used in this study has a specific gravity 
Continuous-flow column study
Regeneration of exhausted zeolite and ATE were evaluated in a zeolite-packed column. The column was packed with was fed to the zeolite-packed column at a flow rate of 8 BV/hr. At breakthrough points, the feed was stopped, the liquid was drained from the column, and then the column was operated in regeneration mode using a fixed NaCl concentration of 10 g/L at pH 12 and a flow rate of 4 BV/hr for 1 day. All column tests were conducted at room temperature (25 W C). The following equation (Equation (1)) defines the relationship between ammonium and ammonia in aqueous solution:
where, [NH 3 ] is the free-ammonia concentration,
is the hydrogen ion concentration, and K a is the acid ionization constant for ammonium (9.3 at 25 W C).
The mass of dissolved and gaseous ammonia were calculated using Equations (2) and (3), respectively: RE of exhausted zeolite and ATE were computed with
Equations (4) and (5):
where, M NH3(aq) is the mass of ammonia in the regenerant bulk liquid (mg), M NH3(g) is the mass of ammonium nitrogen in the sulfuric acid bottle (mg), and M exhausted is the ammonium mass exchanged to zeolite (mg).
The ammonium exchange capacity (AEC) was calculated according to Equation (6): 
RESULTS AND DISCUSSION
Batch studies
Evaluation of ATE
The effects of initial ammonia concentrations, liquid volumes, and the presence of acid scrubber on ATE of the exhausted zeolite were investigated at a fixed pH of 12. As shown in Figure 2 (a), at an ammonia concentration of 50 mg/L, the ATE increased to 70% in the first 6 hours and reached 95% after 24 hours. In comparison, the ATE was only 40% after 6 hours at a high initial ammonia concentration of 500 mg/L, which increased to 88% in 24 hours. These results revealed ammonia stripping is more feasible at a low ammonia concentration.
However, the mass of ammonia transferred from the liquid to the gaseous phase showed different trends from ammonium transfer efficiency (see Figure 2 ATE increased slowly, the overall ammonia mass transferred from the liquid to the gas phase was much higher at a high ammonia concentration. The ATE in 500 mL was about half of that in 250 mL. from the liquid to the gaseous phase was 110 mg N after 24 hours. For a 250 mL working volume, the ammonia mass transferred was almost the same as that for a 500 mL working volume after 24 hours. However, the ammonia mass transferred was much faster for the small working volume, especially in the first 6 hours.
There was no impact of the acid scrubber on ATE. These results support that the mass transfer rate of ammonia mainly limits ammonia transfer from the liquid to the gas phase.
pH effect on ammonia RE from exhausted zeolite Figure 3 shows the RE and ATE of the exhausted zeolite at different pHs with shaking (Figure 3(a) ) and air stripping methods (Figure 3(b) ). As depicted in Figure 3 (a), the RE for the shaking method increased gradually with increasing pH. RE increased from 68% at pH 9.5 to a maximum of 99% at pH 12 in 12 hours. ATE increased slightly from 26% at pH 9.5 to 37% at pH 10, and it jumped to 68% at over pH 11. It reached the maximum efficiency of 95% at pH 12 in 6 days.
In comparison, the ATE using air stripping was much more efficient than that of mechanical shaking at all pHs, except for pH 12. The ATEs for air stripping were 33%, 51%, and 80% at pHs 9.5, 10, and 11, respectively, in 24 hours.
These efficiencies were 18-38% higher than those in shaking mode. There were no significant differences in RE values between shaking and air stripping methods, but air is the optimum to promote the conversion of molecular ammonia in an aqueous solution.
Column studies
Impact of liquid circulation rate, air flow rate, and pH on RE and ATE Samples from bulk reagent and in the sulfuric acid bottle were collected after 1 day to measure the ammonia concentrations in the liquid and gas phases, respectively. The liquid circulation rate did not have a significant effect on the RE; it was about 81%-85%. ATE was negligible at ∼2% for all RE and ATE at pH 9.5 were only 9% and 54%, respectively.
When pH increased from 9.5 to 10, the RE was almost the same (9.4%) but the ATE increased significantly to 85%.
When pH increased from 10 to 12, there was no significant change in the ATE, ranging from 85% to 92%. However, the RE improved by 84% at pH 12. These results agree with the literature (Cotman et al. ) , reporting 84% removal of ammonium ions by air stripping at pH 11. This result strongly showed the significant effect of the pH on both RE and ATE. Thus the pH should be higher than 11 for efficient ammonia stripping, and pH 12 is the optimal pH for the ionexchange and ammonia stripping system for ammonia recovery.
Performance of natural zeolite for repetitive use in 24 cycles
Figure 6(a) shows the AEC for each cycle. The AEC of the first two cycles were identical at 2.8 mg N/g zeolite. After the third cycle, the AEC decreased gradually from 2.4 mg N/g zeolite in cycle 3 finally to 0.5 mg N/g zeolite in cycle 24.
The AEC decreased by 50% after 10 times reuse, 70% after 20 times reuse, and 80% after 24 times reuse of exhausted zeolite. The reduction of AEC substantially decreased breakthrough time. The breakthrough time was reduced from 21 hours in cycle 1 to 5 hours in cycle 24, as described in Figure 6 (b). These results emphasize that the AEC gradually decreases as regeneration is repeated. 
Economic analysis
CONCLUSION
Based on the results of this study, the following points can be concluded:
• Air stripping well matched alkaline regeneration of exhausted zeolite, compared to mechanical shaking.
• A linear correlation between the ATE and the air circulation rate was observed but the liquid circulation rate did not affect the ATE.
• pH had a significant effect on both RE and ATE, and optimal pH should be higher than 11 to achieve high RE and ATE.
• The results emphasize that the AEC of regenerated zeolites was significantly reduced with increasing regeneration frequency. The AEC decreased by 50% after 10 times reuse, 70% after 20 times reuse, and 80%
after 24 times reuse of exhausted zeolite.
• The chemical cost was 20 times less than the conventional regeneration method, and was at least half the cost of sole alkaline regeneration. Hence, the proposed technology provides an economically feasible means for sustainable nitrogen control.
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